dose oseltamivir for the treatment of influenza in immunocompromised patients. Methods: Patients with primary or secondary immunodeficiency and influenza infection were randomized 1:1 to receive conventional-dose oseltamivir (75 mg adolescents/adults [C 13 years]; 30-75 mg by body weight in children [1-12 years]) or double-dose oseltamivir (150 or 60-150 mg, respectively), twice daily for an extended period of 10 days. Nasal/throat swabs were taken for virology assessments at all study visits. Co-primary endpoints were safety/tolerability and viral resistance. Secondary endpoints included time to symptom alleviation (TTSA) and time to cessation of viral shedding (TTCVS).
INTRODUCTION
In immunocompromised patients, influenza infection is associated with substantial morbidity and mortality, including pulmonary and extrapulmonary complications and graft rejection [1, 2] . Reported rates of mortality in influenza-infected, untreated transplant recipients range from 25 to 40% [3] , but appear to be lower in cohorts treated with antivirals [4] [5] [6] . Transplant recipients who are infected with influenza virus exhibit prolonged viral shedding, which is associated with a higher risk of resistance to antiviral drugs [5, 7] . Optimized treatment strategies are needed to reduce the risk of antiviral resistance and improve outcomes among immunocompromised patients.
Oseltamivir is a potent and selective inhibitor of influenza A and B neuraminidase enzymes [8] and is approved for the treatment of influenza in adults and children [ 1 year in Europe and the United States [9, 10] . However, there is concern about the development of oseltamivir resistance in immunosuppressed patients, as prolonged viral replication and reduced immune-mediated virus clearance can result in a higher incidence of treatment-emergent drug-resistant viruses [11] . Data from prospective, randomized studies of oseltamivir in immunocompromised patients are limited. Therefore, we conducted a prospective, randomized phase IIIb study to evaluate the safety and tolerability of two dosing regimens and an extended 10-day dosing period for the treatment of influenza in immunocompromised adults and children ([ 1 year), and to characterize oseltamivir resistance in this population.
METHODS

Study Design
This randomized, double-blind, multicenter study (NCT00545532) investigated conventional-dose versus double-dose oseltamivir for the treatment of influenza in immunocompromised patients enrolled between February 2008 and May 2017.
Eligible adults (C 18 years) and children (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) The study was performed in compliance with the principles of the 1964 Declaration of Helsinki and its amendments and in accordance with International Conference on Harmonization Good Clinical Practice guidelines. The study protocol was approved by all relevant institutional review boards and ethics committees. The primary independent ethics committee was Lithuanian Bioethics Committee Didzioji str. 22, Vilnius 01128, Lithuania. All patients or their legal guardians provided written informed consent before participating.
Assessments
Study visits took place on days 1, 2 or 3, 6, 8, 11, 15, and 40. Patients recorded influenza symptoms, temperature, and date/time of oseltamivir dose in diaries BID on days 1-10, and once daily thereafter. Adult and adolescent patients (C 13 years) completed a symptom scorecard comprising seven symptoms of influenza; parents/guardians of children \ 13 years completed a diary comprising 18 symptoms of influenza, based on the Canadian Acute Respiratory Illness and Flu Scale (CARIFS) [12] . Safety assessments included adverse events (AEs), clinical laboratory evaluations, physical examination, vital signs and rejection and/or graft versus host disease. AEs were coded using Medical Dictionary for Regulatory Activities v.20.0 and tabulated according to severity and relationship to study treatment.
Two nasal and one throat swab were taken during all study visits for virology assessments and combined into one transport medium. All swabs were sent to a central laboratory (Viroclinics Biosciences, Rotterdam, The Netherlands) for RT-PCR, viral culture testing, assessment of influenza virus shedding, and viral resistance monitoring (see Supplementary  Methods) . The resistance monitoring plan included both phenotyping and population sequencing (genotyping) when possible, within the detection limit of both assays. Post-baseline (treatment-emergent) resistance assessment was performed using population sequencing and/or phenotyping assays. For some patients, resistance monitoring was incomplete (i.e., only phenotypic or genotypic resistance assessment were completed/available) or not performed (especially in the early influenza seasons of the study).
All viral isolates were cultured in Madin-Darby Canine Kidney cells and phenotyping was performed on all culture-positive samples. Phenotypic characterization of influenza isolates was performed by NA-Star assay (Applied Biosystems, Foster City, CA, USA) of cultured samples, and neuraminidase inhibition by oseltamivir was expressed in IC 50 (concentration of drug required to inhibit neuraminidase activity by 50%). Definitions of phenotypic extreme outliers and phenotypic outliers were adapted from recent surveillance studies (Supplementary Methods) [13, 14] .
Full-length Sanger population sequencing was performed for the hemagglutinin and neuraminidase genes after viral RNA extraction from the nasopharyngeal swab samples and RT-PCR. Sequencing was performed at least on the baseline sample and the last RT-PCR-positive sample, defined as the last sample with a cycle threshold \ 32, indicating sufficient viral RNA. The presence of known oseltamivir resistance mutations (see Supplementary Methods) was assessed in both baseline and post-baseline samples.
Analysis Populations
Four analysis populations were defined. The intent-to-treat (ITT) population included all randomized patients; the ITT infected (ITTi) population included all randomized patients with confirmed influenza infection (excluding patients infected with oseltamivir-resistant influenza at baseline); the modified ITT infected (mITTi) population comprised those patients in the ITTi who received C 1 dose of study drug. The safety population comprised all patients who received study drug and had a post-randomization safety assessment.
Safety and tolerability were analyzed in the safety-evaluable population, and resistance and efficacy (including rates of secondary illness) were analyzed in the mITTi population.
Analysis Method
Co-primary endpoints were safety/tolerability (AE profiles) and resistance development. Time to alleviation of all symptoms (TTAS), time to cessation of viral shedding (TTCVS), and the incidence of secondary illness were secondary endpoints.
Recruitment of 166 patients was planned, with C 50 transplant recipients and C 15 children. The sample size was chosen to provide an adequate number of patients with influenza A infections, in order to estimate rate of resistance and AEs with reasonable precision. Assuming that 90% of enrolled patients had laboratoryconfirmed influenza, 75 patients would be needed per treatment arm to be evaluable for resistance and 83 patients per treatment arm to be evaluable for the assessment of safety. The number of influenza A virus-infected patients and rate of development of resistance was monitored in a blinded fashion.
Formal hypothesis testing was not performed; the study was designed to compare outcomes between treatment groups in terms of point estimates and confidence intervals (CIs). Median (95% CI) TTAS was determined for each treatment group. TTAS was defined as the time from treatment initiation to start of the 24-h period in which all seven influenza symptoms (adults/adolescents) or 18 CARIFS symptoms items (children) had scores B 1 (mild or minor/ no problem) and remained B 1 for C 21.5 h.
RESULTS
Patients
Between February 2008 and May 2017, 843 patients were screened, with 228 enrolled into the study at 62 centers across 19 countries. Most participants were from the United States (n = 45), South Africa (n = 40), and Belgium (n = 33). Patients were randomized to receive conventional-dose (n = 113) or double-dose (n = 115) oseltamivir ( Fig. 1 ). Eight patients were randomized but not dosed, and five patients had no post-randomization safety assessment, leaving 215 patients (199 adults) in the safety population ( Supplementary Fig. 1 ). In addition, 45 patients were influenza negative, four had phenotypic baseline resistance, two had genotypic baseline resistance, and two were not immunocompromised, leaving 167 patients (151 adults) in the mITTi population.
Baseline demographic and disease characteristics were generally balanced between the treatment groups, with the exception of mean time from symptom onset to treatment, which was 47 h (conventional dose) and 54 h (double dose), respectively ( 
Safety and Tolerability
The overall safety profiles for conventional-and double-dose oseltamivir are shown in Table 2 . The proportion of patients with AEs was lower No severe or life-threatening events were reported in adolescents or children during the on-treatment phase. One child in the conventional-dose group and two children in the double-dose group experienced severe AEs. There were no reported cases of pneumonia in children \ 18 years.
One adult patient in the double-dose group died during the study due to an off-treatment AE (Grade 5; recurrent leukemia). The event was considered unrelated to oseltamivir by the investigator. Two SAEs (renal failure and sepsis) in a single patient in the double-dose group were considered remotely related to treatment; all other SAEs were considered unrelated to treatment. All reported SAEs in adults had resolved by the end of the study, except for one event in the conventional-dose group ( Among adults in the ITTi population (n = 152), the proportion who required hospitalization between treatment initiation and the end of the study was comparable between treatment groups (6.8% [5 patients] in the conventional-dose group and 7.7% [6 patients] in the double-dose group). The median duration of hospitalization was also comparable between the treatment groups, at 7.0 days and 6.5 days, respectively. Among children \ 18 years in the ITTi population (n = 17), only one patient in the conventional-dose group was hospitalized (for a period of 5 days) during the study. This patient experienced an event of oral herpes, which was considered unrelated to study treatment by the investigator.
Viral RNA Load
In adults, median baseline viral RNA load was similar in the conventional-dose (6.47 log 10 vp/ mL) and double-dose (6.52 log 10 vp/mL) groups. Median change in viral RNA load from baseline to end of treatment (EOT) was -3.5 log 10 vp/ mL in the conventional-dose group and -3.0 log 10 vp/mL in the double-dose group. At end of study, most patients were RT-PCR-negative. In children, median baseline viral RNA load was similar between the conventional-dose (5.9 log 10 vp/mL) and double-dose (6.0 log 10 vp/mL) groups. At EOT, only two patients in the conventional-dose group and one in the doubledose group were still influenza-positive by RT-PCR, so no meaningful comparison could be made.
Antiviral Resistance
Due to the emergence of naturally occurring oseltamivir resistance isolates during the first two influenza seasons of the trial (2008-09 and 2010-11), a H274Y mutation-specific RT-PCR was used to test baseline isolates, to help clinical sites determine the most appropriate treatment options for individual patients infected by H1N1 viral strains. Taken together, five adult patients ([ 18 years) and one adolescent (aged 17 years) were infected at baseline with an oseltamivir-resistant virus; further characterization of baseline resistance is reported in the Supplementary Results. Although resistance monitoring aimed to be as complete as possible, both assays have detection limits that can prevent analysis of samples for each time point for every patient. It was also necessary to have one baseline and at least one post-baseline sample to allow a patient to be analyzed for treatment-emergent resistance. Therefore, the incidence of post-baseline resistance was calculated only on patients for whom baseline resistance data as well as more than one post-baseline resistance assessment (genotypic or phenotypic) were available (Table 3) .
Treatment-emergent oseltamivir resistance was detected in 15 patients: 12 in the conventional-dose group (10 adults, 2 children) and three in the double-dose group (2 adults, 1 child) ( Table 3 ). All 15 patients with treatmentemergent resistance had completed the full 10 days of study treatment; of these, 11 had received a transplant (5 solid organ transplant, 6 hematopoietic stem cell transplant [HSCT]).
Thirteen of 15 patients (87%) with treatment-emergent oseltamivir resistance were infected with influenza type A; eight were infected with the A/H1N1-subtype (1 A/H1N1, 7 A/H1N1-pdm09; 6 in the conventional-dose group; 2 in the double-dose group) and five with A/H3N2 (4 in the conventional-dose group; 1 in the double-dose group). Two adult patients in the conventional-dose group were infected with the influenza type B strain and had an outlier phenotype only (with a 2.3-and 2.7-fold increase in IC 50 from the baseline mean); no population sequencing was performed. For most patients, oseltamivir resistance was detected for the first time at day 6 (8 patients) and day 8 (3 patients), with the last two patients harboring oseltamivir-resistant virus for the first time at day 11.
Efficacy and Impact of Resistance
The proportion of adults shedding virus at baseline was similar between the conventional-(100%) and double-dose (97.4%) groups. The proportion of patients continuing to shed virus at EOT was also similar in the conventional-(25.4%) and double-dose (21.9%) groups, and fell steadily to 1.5% of patients at the end of study. All children \ 18 years were shedding virus at baseline, and similar to adults, by EOT the proportion of children shedding virus was 28.6% in the conventional-dose group and 14.3% in the double-dose group; all had stopped shedding virus by end of study on day 40. In adults, 10.6% of patients in the conventional-dose group and 9% of patients in the double-dose group were still influenza-positive (by RT-PCR) on day 15. Corresponding values in patients aged \ 18 years, were 42.5% and 0%, respectively. Persistent shedding (viral load reduction \ 1 log 10 vp/mL at EOT compared with baseline) was observed in one child in the conventional-dose group and four adults in the double-dose group.
In adults aged C 18 years, TTCVS was 23.9 h shorter in the double-dose group (154.1 h) than in the conventional-dose group (178.0 h), although 95% CIs overlapped. Furthermore, when patients with post-baseline resistance were excluded, TTCVS in adults was similar for the two dosing groups (Fig. 2a ). Ten of 12 adult patients with a treatment-emergent resistant virus had prolonged viral shedding of [ 10 days; of these, eight were in the conventional-dose group and were responsible for the longer TTCVS seen in that group. All had stopped shedding virus by end of study. TTCVS in pediatric patients was similar between conventional-(n = 8) and double-dose groups (n = 8) (181.0 vs 180.5 h, respectively).
TTAS in adults aged C 18 years was comparable between treatment groups (103.3 vs 103.6 h; Fig. 2b) , with overlapping 95% CIs. Similar results were observed for pooled adult and adolescent (C 13 years) data (data not mITTi modified intent-to-treat infected, NE not estimable a Patients for whom both genotypic and phenotypic resistance were detected were counted only once in the overall resistance rate b Denominators based on the overall resistance. In the eight A/H1N1-infected patients, the H274Y mutation (N2 numbering) was detected alone or in combination with the wild-type amino acid residue. In the five A/H3N2-infected patients, three had the R292 K mutation detected alone or in combination with the wild-type virus and the E119 V mutation in combination with the wild-type virus was detected in one patient. In the A/H3N2-infected patient, an outlier phenotype with a 5.6-fold increase in IC 50 (from baseline mean) was observed at day 6; however, no genotypic resistance was detected in any post-baseline samples (day 2/3 and day 6) c Some patients have more than one immunosuppressive condition d All received a kidney transplant shown 
DISCUSSION
This prospective randomized study evaluated conventional-dose versus double-dose oseltamivir when given for an extended 10-day period for the treatment of influenza in immunocompromised adults and children. Notably, this is the largest prospective study in a population of immunocompromised patients with influenza. Conventional-dose oseltamivir showed a trend for slightly better tolerance versus double-dose oseltamivir. No remarkable AE findings were noted and the most frequently reported AEs were nausea, diarrhea, vomiting, and headache consistent with the established safety profile for oseltamivir. Other AEs observed reflected influenza complications, comorbidities, and co- Resistance was a co-primary endpoint and a lower resistance rate was observed in adult patients in the double-dose group (2.8%) than in the conventional-dose group (14.9%); a similar trend was seen in children, although the number of patients with resistance was small. Resistance rates observed for adults were higher than in historical studies in otherwise healthy (OwH) adult patients, but were within ranges previously reported for immunocompromised patients [15] [16] [17] . In immunocompromised children, resistance rates were of a similar level to those previously reported for immunocompetent young children (aged \ 5 years), a population known to exhibit higher resistance rates than adults [18, 19] . Notably, most of the adults and children who developed resistance were transplant recipients. The rates of treatmentemergent resistance reported here, and in previous studies in patients with hematologic malignancy and recipients of an allogeneic HSCT, emphasize the significant unmet need for optimized treatments to improve outcomes for this vulnerable patient population [15, 20, 21] . Of note, previous studies of oseltamivir for the treatment of uncomplicated influenza reported no apparent clinical or virologic advantage of double-versus conventional-dosing [22] [23] [24] .
Prolonged viral shedding is often reported in immunocompromised patients [17, 25] so evidence that a higher dose might reduce shedding would have been of interest. Although the study was not powered to assess any differences in efficacy between the conventional-and doubledose oseltamivir groups, TTCVS and TTAS were investigated as secondary objectives. In adults, median TTCVS was shorter in the double-dose versus conventional-dose group. Interestingly, when the patients who developed post-baseline resistance were excluded from the analyses, median TTCVS in adults was similar between treatment groups, suggesting that the difference in the overall adult population may be due to the larger number of patients in the conventional-dose group who developed treatment-emergent resistance and had corresponding prolonged viral shedding. In contrast, the clinical efficacy of the two dosage regimens, as measured by TTAS in adults, was similar, suggesting that doubling the oseltamivir dose is unlikely to provide an efficacy benefit over the conventional dose. Symptom resolution was faster in patients who received oseltamivir within 48 h compared with [ 48 h (although 95% CIs overlapped), suggesting that early treatment with either conventional-or doubledose oseltamivir is favorable.
It was not possible to include a placebo control group in the present study for ethical reasons, as most treatment guidelines recommend oseltamivir for immunocompromised patients. While it is not recommended to make comparisons across clinical trials due to differences in trial design, to provide some context, we compared these data with clinical trials of OwH patients who were not immunocompromised [26] [27] [28] [29] . Median TTAS for the pooled immunocompromised patients (both dose groups), appeared to be shorter versus OwH placebo-treated patients but longer versus OwH oseltamivir-treated patients. In addition, the 95% CI for treated immunocompromised patients overlapped substantially with those for OwH-treated patients, indicating that, while the median is higher, the range of duration of symptoms was similar, a finding that could be consistent with treatment-related reduction in TTAS in these immunocompromised patients. There are limitations in these comparisonse.g., influenza studies conducted in different seasons, even for the same population, can yield differing measures of symptom or shedding duration. Furthermore, the 9-year study duration likely resulted in infection with viruses of varying pathogenicity and standards of care for immunocompromised patients may have changed over this period affecting the precision of the median estimates for duration of symptoms or virus shedding.
Current clinical practice guidelines recommend the use of oseltamivir in immunocompromised populations [30] [31] [32] . This study, being the largest prospective study of a broad immunocompromised population and including the types of patients recommended for treatment in various national guidelines, serves to support these long-standing recommendations. Although the study did not compare the longer 10-day dosing with the usual 5-day dosing, longer dosing did not appear to be associated with any increased tolerability burden and is already often recommended by treatment guidelines.
CONCLUSION
We report that oseltamivir was well tolerated, with a trend toward a better safety/tolerability profile for conventional-versus double-dosing in immunocompromised patients. The clinical impact of the higher resistance incidence is unknown; most patients cleared the infection by the end of treatment, and those who did not cleared the infection during the follow-up period.
